13 C NMR spectra obtained from the rat brain in vivo at 9.4 T. Prior knowledge of chemical-shifts, J-coupling constants and J-evolution was included in the analysis. Up to 50 different isotopomer signals corresponding to 10 metabolites were quantified simultaneously in 400 ml volumes in the rat brain in vivo during infusion of [1,[6][7][8] [9] [10] [11] [12] [13] C 2 ]glucose. The analysis remained accurate even at low signal-to-noise ratio of the order of 3:1. The relative distribution of isotopomers in glutamate, glutamine and aspartate determined in vivo in 22 min was in excellent agreement with that measured in brain extracts. Quantitation of time series of 13 C spectra yielded time courses of total 13 C label incorporation into up to 16 carbon positions, as well as time courses of individual isotopomer signals, with a temporal resolution as low as 5 min (dynamic isotopomer analysis). The possibility of measuring in vivo a wealth of information that was hitherto accessible only in extracts is likely to expand the scope of metabolic studies in the intact brain.
INTRODUCTION
In vivo 13 C NMR spectroscopy combined with the administration of 13 C-enriched substrates is a unique tool to investigate brain metabolism. The high chemical specificity of 13 C NMR, which can distinguish 13 C isotope incorporation not only into different molecules, but also into specific carbon positions within the same molecule ( 13 C isotopomers), allows the fate of 13 C label to be followed through multiple metabolic pathways. 1 In contrast to studies performed on brain extracts, where the multiplet structure of 13 C NMR resonances caused by 13 C- 13 C scalar couplings was exploited, 2 the amount of information accessible in the brain in vivo has been limited by the lower signal-to-noise ratio and the lower spectral resolution of in vivo spectra.
Recent improvements in direct, localized 13 C NMR spectroscopy have considerably expanded the amount of information that can be obtained in vivo in the human brain [3] [4] [5] [6] [7] and in the rat brain. [8] [9] [10] The availability of higher field magnets, the use of automated shimming procedures 11 and more efficient second-order shim coils, and the development of new pulse sequences for localized detection 3, 6, 8, 9 have led to substantial gains in sensitivity, spectral resolution and localization performance (see also the review by Gruetter et al. in this issue). Broadband 1 Hlocalized 13 C spectra obtained recently from the rat brain at 9.4 T during an infusion of 13 C-labeled glucose have allowed the detection of 13 C NMR signals from 18 different carbon positions, ranging from the alanine C3 resonance at 17 ppm to the glucose C1 resonance at 96.8 ppm. 8 In addition, the fine structure arising from 13 C- 13 C J-couplings became detectable not only in glutamate, 4,9 but in several other metabolites, suggesting that numerous isotopomers could be measured in the brain in vivo with a temporal resolution suitable for dynamic isotopomer analysis.
Quantitative analysis of in vivo 13 C spectra has traditionally been performed using manual peak integration or peak fitting of individual resonances. 10, 12, 13 This approach, although user-dependent and time-consuming, is often adequate because in vivo 13 C NMR spectra are typically characterized by a high spectral dispersion and a flat baseline (provided that lipid signals coming from the scalp are properly eliminated, either by spatial localization of NMR signals, or by subtraction of a natural abundance background spectrum acquired before infusion of 13 C-labeled substrate). However, even with excellent shimming and spatial localization of NMR signals, quantitation of multiplets arising from different 13 C isotopomers remains challenging in the brain in vivo because of the low signal-to-noise ratio and because the linewidth of 13 C singlets (typically 5-10 Hz depending on B 0 field strength and shimming) is not negligible compared with homonuclear 13 C- 13 C J-coupling values , leading to significant overlap of multiplets within a given carbon resonance.
Incorporation of prior knowledge has been shown to improve the precision of spectral analysis, especially in the presence of spectral overlap. [14] [15] [16] Of the numerous methods that have been proposed to analyze NMR spectra, either in the time domain 17 or in the frequency domain, 18 several have the capability to incorporate prior knowledge. [19] [20] [21] [22] [23] Prior knowledge has been used to quantify, for example, 13 C- 13 C multiplets from tissue extracts, 24-27 2 H- 13 C multiplets from cell suspensions, 19 in vivo 13 C spectra from muscle 28 or C1-glycogen and C1-glucose signals in 13 C spectra from perfused liver, 29 but to the best of our knowledge such an approach has not been reported for quantitation of 13 C isotopomers in the brain in vivo. LCModel 23 (linear combination of model spectra) has become increasingly popular to quantify in vivo 1 H NMR spectra (for a recent review see Provencher 30 ) and has been used extensively in our laboratory. [31] [32] [33] LCModel has several attractive features for analysis of in vivo spectra: a model-free lineshape, a high degree of flexibility in the introduction of prior knowledge, and robustness in cases of low signal-to-noise ratio and spectral overlap. Furthermore, the program is fully automatic, another advantage for processing time series of 13 C spectra. However, because LCModel was originally designed for the analysis of 1 H spectra, specific assumptions were made regarding the information content of the data to be fitted, such as the presence of substantial singlet signals (e.g. NAA or Cr) in the spectrum for the preliminary determination of lineshape, as well as a small spectral range (a few ppm). These and other assumptions required significant adjustments in order to apply the original LCModel program to in vivo 13 C NMR spectra. The purpose of this work was (1) to adapt LCModel for the analysis of in vivo 13 C NMR spectra using prior knowledge, and (2) to evaluate the feasibility and robustness of dynamic 13 C isotopomers analysis in the rat brain in vivo.
MATERIALS AND METHODS

Animal preparation
All animal experiments were performed in accordance with the guidelines for the care and use of laboratory animals and were approved by the Institutional Animal Care and Use Committee of the University of Minnesota. Male Sprague-Dawley rats (n ¼ 5; weight 273 AE 23 g, mean AE SD) (Harlan, Indianapolis, IN, USA) were intubated and ventilated with a 70%:30% N 2 O-O 2 mixture and 3% isoflurane. Both femoral veins were cannulated for the i.v. administration of glucose and -chloralose, and both arteries were cannulated for blood sampling to monitor blood gases and plasma glucose concentrations. Immediately after surgery, isoflurane was discontinued and replaced by intravenous -chloralose administration (bolus 40 mg/kg, then continuous infusion at 25.4 mg/kg/h). Animals were placed prone in a home-built holder and the head position was fixed using ear rods and a bite-bar. After adjustment of NMR parameters, a bolus of 99%-enriched [1,6- 13 C 2 ]glucose (Cambridge Isotope Laboratories) was administered over 5 min with an infusion rate decaying exponentially every minute. This bolus was followed by a continuous infusion of 70%-enriched glucose for the remaining 7 h of the experiment. Small adjustments were made to the rate of continuous infusion to keep plasma glucose around 300 mg/dl. This protocol was optimized to achieve a stable plateau in plasma glucose isotopic enrichment. 34 In vivo 13 
C NMR spectroscopy
All in vivo spectra were acquired on a 9.4 T/31 cm bore magnet (Magnex Scientific, Oxford, UK) interfaced to an Inova console (Varian, Palo Alto, CA, USA). The magnet was equipped with gradients reaching 300 mT/m in 500 ms and with a set of custom-designed second-order shim coils capable of producing shim strengths up to 0.05 mT/cm 2 (Magnex Scientific, Oxford, UK). The coil assembly consisted of a 1 H quadrature surface coil (two loops of 14 mm diameter) and an inner 13 C linearly polarized surface coil (12 mm diameter) built according to a previously described design. 35 Spin-echo RARE images were acquired to select a 9 Â 5 Â 9 mm 3 volume in the rat brain. Adjustment of all first and second-order shims using FAST(EST)MAP 11 resulted in an 18-23 Hz water linewidth in the 400 ml voxel. Localized in vivo 13 C NMR spectra were acquired with a semi-adiabatic DEPT sequence as described elsewhere.
8 Briefly, localization was performed on the 1 H magnetization using 3D-ISIS combined with outer volume saturation (OVS). Magnetization was then transferred to 13 C using gradientspoiled semi-adiabatic DEPT polarization transfer. The interpulse delay was 3.8 ms (optimized for J CH ¼ 130 Hz) and the nominal flip angle of the last 1 H pulse was set to 45 in order to detect signals from CH, CH 2 and CH 3 groups simultaneously. Repetition time was 2.5 s. WALTZ-16 composite pulse decoupling was applied during the acquisition time (205 ms, 8192 complex points) with a nominal B 1 /2 of 2 kHz.
C NMR spectroscopy of brain extracts
At the end of the in vivo measurements, brains were funnel-frozen in situ with liquid nitrogen 36, 37 as follows. Animals were deeply anesthetized with an i.v. bolus of pentobarbital (25 mg/kg) and the scalp was quickly retracted. A funnel was applied directly on the skull and application of liquid nitrogen resulted in frozen brain within 2 min, at which point the animals were decapitated. A final blood sample was taken 1 min after starting funnel-freezing to ensure that mechanical ventilation maintained adequate blood oxygenation. The brain was dissected out of the skull under intermittent liquid nitrogen to minimize post-mortem metabolism. Brain tissue was crushed in a mortar and pestle and extracted with 5 ml ice-cold perchloric acid (0.9 M). Samples were centrifuged for 15 min at 4 C and the supernatant was neutralized with 9 M KOH. After another 15 min centrifugation, supernatants were freeze-dried and resuspended in 10% D 2 O-90% H 2 O and pH was adjusted to 7.15 AE 0.05 (range 7.1-7.2; n ¼ 5) by titration with 1 M HCl or 1 M NaOH. This pH was close to pH values reported in the rat brain. 38 The effect of 10% D 2 O on measurements of pH using a glass electrode was shown to be less than 0.04 pH units. 39 Perchloric acid extracts of brain tissue were measured using high-resolution 13 C NMR spectroscopy on a 14.1 T Varian Unity Inova spectrometer. Onedimensional pulse-acquire 13 C spectra were acquired with NOE under fully relaxed conditions (TR ¼ 15 s, spectral width 30 000 Hz, acquisition time 1 s, with WALTZ-16 decoupling). All resonances were fitted using built-in spectrometer software after zero-filling to 512 K points. Resonance frequencies measured in spectra from five different animals were used to determine mean chemical-shifts and 
LCModel data processing
In vivo spectra were processed using a modified version of LCModel 2.3 (Stephen Provencher Inc., Oakville, Ontario, Canada). Input files for LCModel were generated automatically using Matlab (The MathWorks Inc., Natick, MA, USA). FIDs were preprocessed to place the center of the spectral window at 4.65 ppm by applying a linear phase shift in the time domain after removing the DC offset. No other baseline correction, zero-filling or timedomain filtering was applied prior to LCModel analysis. Because LCModel was initially designed to analyze 1 H spectra, significant changes had to be made in the input parameters in the CONTROL input file (see Appendix for the most important parameters). Spectra were processed using a Sun Blade 2000 64-bit workstation (Sun Microsystems, Santa Clara, CA, USA) equipped with two 900 MHz copper processors. The typical time required for analysis of one broadband 13 C spectrum was 4 min. The basis set for LCModel was generated using Matlab by simulating each isotopomer with the appropriate chemical-shift and J-coupling pattern (based on the values measured in this study). For isotopomers labeled at more than one carbon, homonuclear 13 C-13 C J-modulation occurring during the delay 2* [where ¼ 1/(2*J CH ) and J CH ¼ 130 Hz] between 13 C excitation (i.e. the first segment of the BIR-4 pulse) and acquisition in the DEPT sequence was taken into account by simulating the corresponding phase distortion of the multiplet spectrum assuming weak coupling conditions. For example, the triplet of glutamate C3 at 27.84 ppm was simulated as the sum of three lines with relative intensities 1:2:1, relative frequencies -J CC :0:J CC (in this case J CC ¼ 34.6 Hz) and relative phases 0 :0:-0 with 0 ¼ 2**J CC radians. The delay used to calculate 0 was empirically set to 2.75 ms, which was shorter than 1/(2*J CH ), because 13 C-13 C J-modulation was reduced during the high B 1 part of the segmented BIR-4 pulse (2 ms total duration). In cases where one of the two coupled carbons belonged to a carboxyl group (COOH), Jmodulation was neglected because carboxyl carbon resonances (e.g. the C1 of glutamate at $175 ppm) were not inverted by the middle segment of the BIR-4 pulse. In all cases the lineshape for the basis set was Lorentzian with 4 Hz full-width at half-maximum. In addition, a small singlet was added at 0 ppm in all basis spectra for automatic frequency referencing. About 50 different isotopomer resonances were included in the basis set, as listed in Table 1 . Relative concentrations determined by LCModel were converted into absolute concentrations (in mmol/g wet weight) using the fractional enrichment of glutamate C4 measured on extracts and assuming a glutamate concentration of 10 mmol/g. Correction factors were applied to account for differences in polarization transfer efficiency and off-resonance effects across the 13 C spectrum.
Notation
The notation adopted here for 13 C multiplets was similar to that used by Jeffrey et al. 26 A specific multiplet was designated by an abbreviation of the metabolite name, followed by the specific carbon resonance observed, then by a letter denoting the multiplet structure (S ¼ singlet,
For example, Glu-C3S and Glu-C3T designated the singlet and the triplet of glutamate at the C3 position. To indicate the total amount of 13 C label at a specific carbon position, the resonance name was used without any additional letter. Thus Glu-C3 referred to the sum of all glutamate isotopomers labeled at the C3 position. In some cases it 402 P.-G. HENRY ET AL.
was necessary to further specify which doublet was considered by adding two numbers to indicate the Jcoupling. For example, Glu-C2D21 and Glu-C2D23 designated two different doublets at the C2 position, one corresponding to the coupling to the C1, the other to the coupling to the C3. When the coupling constants were identical, no numbers were added. Therefore Glu-C3D actually was the sum of Glu-C3D32 and Glu-C3D34. Note that a given multiplet can represent the sum of different 13 44 ) compared with the linewidth of 13 C resonances observed in vivo, and their effect on linewidth and lineshape was assessed to be negligible in this study.
Stastistics
Signal-to-noise ratios were calculated as the peak height divided by twice the root mean square noise. All results are provided as mean AE SD.
RESULTS
In vivo
13 C NMR spectra obtained from the rat brain at 9.4 T contained a considerable amount of information [ Fig. 1(a) ] as in our previous study. 8 Resonances from glucose C1, glucose C6, glutamate C4, C3, C2, glutamine C4, C3, C2 and aspartate C3, C2 were detected, as well as smaller resonances from GABA, NAA and lactate. In vivo spectra were in appearance very similar to appropriately line-broadened spectra obtained from brain extracts [ Fig. 1(b) ]. The funnel-freezing procedure resulted in relatively high brain glucose and low lactate concentrations detected in 13 C spectra of brain extracts. Chemical shifts and homonuclear J-coupling constants were measured in extract spectra obtained from five different animals after 7 h of [1,6- 13 C 2 ]glucose infusion (Fig. 2) . Multiplets were detected for glucose C1, glucose C6, glutamate and glutamine C2, NAA and aspartate C2, GABA C4 and NAA C3, aspartate C3, GABA C2 and glutamate C4, glutamine C4, glutamate and glutamine C3, and GABA C3. These multiplets were in general the superposition of spectral contributions from different isotopomers. For example, the multiplet corresponding to the glutamate C3 resonance at 27.85 ppm was the sum of a singlet Glu-C3S, a doublet Glu-C3D (corresponding Minimal post-mortem degradation was present, as judged from the high glucose C6 signal and the low lactate C3 signal. The extract spectrum was line-broadened (8 Hz Lorentzian line broadening) to match the linewidth of the processed in vivo spectrum (3 Hz line broadening). The lower intensity of glucose C1 on the in vivo spectrum is due to off-resonance effects of the pulse sequence. Note the phase distortion of to Glu-C3D34þGlu-C3D32) and a triplet Glu-C3T [ Fig.  2(i) ]. The resonance frequencies of these individual components were slightly different due to isotope effects on nuclear shielding. 45 Chemical shifts were determined from extract spectra with a precision of 0.01 ppm (Table 1) , and J-coupling values were determined with a precision below 1% (Table 2 ). Based on this prior knowledge of chemical-shifts and J-coupling constants, model spectra were simulated for the 50 most abundant isotopomers present in the brain after [1,6- 13 C 2 ]glucose infusion. The simulation included the effect of homonuclear 13 C-13 C J-evolution during DEPT as described in the Methods.
The LCModel fit of 13 C spectra using this simulated basis set closely matched the in vivo data, as indicated by the flat residuals (Fig. 3) . Even though 13 C- 13 C multiplets were only partially resolved, the presence of multiple isotopomers was clearly observed in vivo. The glutamate C4 resonance was represented by a combination of a singlet (S) and a doublet (D43) and the glutamate C3 resonance consistently contained a singlet (S), a doublet (D) and a triplet (T) resonance [ Fig. 4(a) ]. For glutamate C2 and glutamine C2, spectral contributions of glutamate and glutamine isotopomers (S, D23, D21, DD) were discernible with some spectral overlap between the outermost multiplet resonances even at 9.4 T [ Fig. 4(b) ]. LCModel analysis allowed determination of the contribution of each individual component to the in vivo spectrum.
To assess the reliability and robustness of the in vivo isotopomer distribution using LCModel a Monte-Carlo simulation was performed using different levels of signal to rms noise ratios. These analyses showed that the determination of isotopomer concentrations remained unbiased even at signal-to-noise levels as low as 3:1 (Fig. 5) . At very low sensitivity, systematic errors were apparent, but the total signal (sum of all isotopomers at a given carbon position) remained more accurate than the estimation of individual isotopomers contributions. For example, for a signal-to-noise ratio of 1, the singlet GluC4S was biased by 50%, but the total glutamate C4 signal (gluC4SþgluC4D43) deviated from the nominal value by only 15% on average (Fig. 5) . Similar observations (not shown) were made using Monte-Carlo simulations of other multiplet structures, e.g. singletþ doubletþtriplet (such as glutamate C3) or singletþ doublet1þdoublet2þquartet (such as glutamate C2).
In vivo isotopomer analysis of glutamate, glutamine and aspartate using LCModel was in excellent agreement with isotopomer analysis of brain extracts from the same animal (Table 3) . Comparison of the in vivo measurement obtained immediately before funnel-freezing with the extract measurement gave a Pearson correlation coefficient of 0.96 ( p < 0.001) and a slope of 1.1 AE 0.07 (Fig. 6 ), which was not significantly different from identity. Isotopomer analysis in NAA C2 and C3 and GABA C2, C3, C4 was similarly reliable when averaged over longer time periods to improve sensitivity (not shown).
The sensitivity of the experiment and concomitant LCModel analysis indicated that the precision was sufficient to allow a temporally resolved measurement of singly and multiply labelled isotopomers in vivo. For example, the singlet Glu-C4S and the doublet Glu-C4D43 were measured independently with a temporal resolution of approximately 5 min [ Fig. 7(A) ]. The total concentration of glutamate labeled at the C4 position was obtained as the sum of these two different isotopomers (Glu-C4 ¼ Glu-C4SþGlu-C4D43). The time course of Glu-C4D43 directly reflects the time course of 13 C isotopic enrichment at the C3 position, as was shown in the heart. 46 Consistent with this, the time course of Glu-C4D43/Glu-C4 and the time course of total glutamate C3 (obtained as the sum Glu-C3SþGlu-C3DþGlu-C3T) were identical within experimental error [ Fig. 7(b) ]. The multiplets corresponding to glutamate labeled at the C5 position, possibly due to pyruvate recycling, 24,25, 47 were not included in the basis set, because of their low intensity which was assessed in two animals from the C4D45 and C4DD isotopomers to be $3% after 7 h of 13 C-labeled glucose infusion [ Fig. 2(g) ].
Quantitation of time series of in vivo broadband localized 13 C spectra using LCModel resulted in the simultaneous measurement of glutamate C4, C3, C2 and glutamine C4, C3, C2 in a 400 ml volume with a temporal resolution of 5.4 min (Fig. 8) . The standard deviation of time courses at isotopic steady-state was approximately Figure 5 . Effect of different signal-to-noise ratios on the determination of isotopomers. Shown is the result of a Monte-Carlo simulation of noise superimposed on a synthetic glutamate C4 triplet (composed of a singlet C4S and a doublet C4D43 with 1:1 ratio in signal integral, corresponding to a 50% isotopic enrichment at the C3 position), with Lorentzian lines of 8 Hz linewidth. Each point represents the result of 50 fits with a given signal-to-noise ratio (x-axis), defined as (peak height of GluC4S)/(2*rms noise) 0.2 mmol/g at 5 min time resolution and 0.1 mmol/g at 22 min time resolution. In addition, the incorporation of 13 C label into glutamate C1 was measured indirectly from the corresponding isotopomers of glutamate C2, i.e. GluC2D21þGlu-C2DD, with a temporal resolution of 22 min [ Fig. 8(b) ]. The labeling time course of glutamate C1 was markedly slower than the labeling of other carbon positions, because labeling of glutamate C1 from [1,6- 13 C 2 ]glucose requires 13 C label to pass twice through the TCA cycle.
DISCUSSION
The present study demonstrates that dynamic 13 C isotopomer analysis is feasible in the rat brain in vivo. The analysis of 13 C NMR spectra with LCModel required significant adaptations of the program, which was originally designed to quantify 1 H spectra. These adaptations were necessary to accommodate the specific characteristics of 13 C spectra, such as the broad spectral range and the absence of strong singlet resonances for the determination of lineshape (see Appendix). The original LCModel method was based on the measurement of model spectra for all spin systems potentially contributing to the in vivo spectrum. For 13 C NMR spectra acquired during infusion of a 13 C-labeled substrate, the appearance of specific isotopomers requires the Table 3 . Comparison of isotopomers distribution measured in vivo and in extracts for glutamate, glutamine and aspartate. In vivo spectra were acquired at isotopic steady state immediately before funnel-freezing to allow comparison with extract spectra. The first columns give the concentration, SD, coefficient of variation, mean Cramer-Rao bound (CRB) and relative isotopomer distribution determined from five consecutive in vivo spectra from one animal (22 min each) using LCModel analysis. The last column gives the relative isotopomer distribution measured in extracts spectra from the same animal individual fit of each isotopomer signal to the spectrum, which would result in the tedious measurement of extremely expensive compounds, such as [3,4-13 C 2 ]glutamate. However, in the present study, it was possible to simulate the spectral pattern for each isotopomer, provided that J-couplings and chemical shifts were accurately measured.
Prior knowledge for simulating the basis set was obtained by measuring chemical-shifts and J-coupling constants in five animals under close to physiological conditions to minimize possible differential effects of pH and temperature on 13 C resonances in extracts compared to in vivo. Overall, the values in the present study (Tables  1 and 2 ) were in good agreement with previously published values.
24,41-43 Small differences were most likely due to differences in pH and temperature conditions used to acquire extract 13 C spectra. Interestingly, even though funnel-freezing was used in this study to minimize postmortem changes, all three detected resonances of GABA (at 24.5, 35.2 and 40.4 ppm) were still noticeably higher in extracts than in vivo, consistent with other observations of a rapid increase of GABA concentration post-mortem. 48 This suggests that GABA levels may change even more quickly than lactate and glucose concentrations post-mortem. This was supported by comparing the present data with preliminary data obtained following focused microwave fixation of brain within 1.4 s (unpublished observation), where total tissue GABA levels were lower than with funnel-freezing.
In the present study, an information content was achieved reminiscent to what had been previously obtained only in spectra of brain extracts. For example, the isotopomer distribution was determined for glutamate C4, C3, C2, glutamine C4, C3, C2 as well as aspartate C3, C2 with a temporal resolution sufficient for dynamic isotopomer analysis. Overall, the relative contributions of isotopomers to the total signal determined in vivo with LCModel were in excellent agreement with the isotopomer distribution measured in brain extracts (Table 3) as judged from the overlap of the data points with the identity line (Fig. 6 ). This determination of isotopomer distribution was very robust, even when the signal-to-noise ratio approached 3:1. To determine the isotopomer distribution in NAA and GABA required averaging data for longer time periods. The Cramer-Rao lower bounds returned by LCModel were very close to the coefficients of variation measured by analyzing time series of 13 C spectra at isotopic steady state (Table 3) .
The combination of FASTMAP shimming, strong second-order shim coils, and efficient spatial localization allowed consistent detection of 13 C- 13 C couplings in the Table 3 . Continuous line: best linear fit to the data. Dashed line: identity brain in vivo in glutamate, glutamine and aspartate, as well as GABA and NAA with lower sensitivity. 13 C singlet linewidths of 6-8 Hz full-width at half-height were significantly smaller than in most previous in vivo studies performed in the rat brain. However, significant overlap was still present between the different components of a multiplet within a specific carbon resonance. This spectral overlap resulted in a significant crosscorrelation between some of the isotopomer signals fitted with LCModel. For example, cross-correlation between Glu-C4S and Glu-C4D43 was typically $0.3, and the cross-correlation between Glu-C3S and glu-C3T was about $0.7, reflecting the overlap of the singlet with the center line of the triplet (2 Hz chemical-shift difference at 150 MHz). The precision on the fit of the sum of all isotopomers contributions to a specific carbon position (e.g. C3SþC3DþC3T) was systematically better than the precision of the fit of individual components (Fig. 5) , indicating that the sum of all isotopomers can be measured reliably even when sensitivity does not allow the precise quantitation of individual components of a multiplet (Table 3) . In cases where the signal-to-noise ratio is not sufficient to measure low intensity isotopomers, selective homonuclear 13 C decoupling could be applied to improve signal-to-noise ratio and spectral resolution as shown in the intact perfused heart, 49 by collapsing, for example, the nine line glutamate C2 multiplet into a pseudo-triplet.
As pointed out previously, relative isotopomer concentrations are not a direct measure of the isotopic enrichment. 50 However, from the isotopomers, the isotopic enrichment can be calculated. For example, the ratio C4D43/(C4SþC4D43) is equal to the isotopic enrichment of the C3 carbon position in glutamate and glutamine (assuming no labeling at the C5 position). Similarly, the isotopic enrichment of the C2 and C4, IE C2 and IE C4 , respectively, can be calculated from the C3 multiplet, as follows: the probabilities of obtaining double and triply labeled isotopomers are C3D ¼ IE C2 Á(1ÀIE C4 )þ IE C4 Á(1ÀIE C2 ) and C3T ¼ IE C2 *IE C4 respectively, from which IE C2 *IE C4 ¼ C3T and IE C2 þIE C4 ¼ C3Dþ2*C3T can be obtained. These two equations with two unknowns, IE C2 and IE C4 , can be solved, but the solutions cannot be assigned unambiguously to either the C2 or the C4 isotopic enrichment unless additional information is obtained (e.g. which resonance has the highest total signal). Such an in vivo measurement of 13 C isotopic enrichment is highly desirable in human studies, where extracts cannot be obtained. Measurement of isotopic enrichments in vivo normally requires the additional acquisition of 1 H- 13 C edited spectra, the quantitation of which may be complicated by severe spectral overlap. In addition, isotopic enrichments obtained from 1 H-13 C NMR spectra may be biased by the presence of metabolically inert pools.
The standard deviation of 13 C concentrations measured at isotopic steady state from a 400 ml volume was on average 0.1 mmol/g with 22 min time resolution (Table 3 ). In the presence of spectral overlap, such as glutamate C2 and glutamine C2, the standard deviations were slightly higher, reflecting the cross-correlation between overlapping signals. The measured standard deviations confirm that labeling time courses of glutamate ($5 mmol/g of label at isotopic steady state in this study) and glutamine ($2 mmol/g of label) can be measured reliably with a temporal resolution as low as 5 min (standard deviation 0.2 mmol/g), and aspartate ($1.5 mmol/g of label) with a time resolution of 22 min (standard deviation 0.1 mmol/g). This also implies that GABA time courses ( 13 C concentration $0.25 micromol/g at isotopic steady state) can be obtained with a temporal resolution of $1 h, which was confirmed experimentally (not shown). Further improvements in the quantification of time series of 13 C spectra should be possible by taking into account the common information present in all spectra of the time series, similar to a recent study, 21 provided that such an approach accommodates small line shape and line width changes that can occur in vivo.
The excellent sensitivity of 13 C NMR spectra in our study and the robustness of LCModel analysis to quantify total 13 C label at a given carbon position also predicted that 13 C labeling time courses for glutamate and glutamine could be measured with excellent sensitivity from a small volume. Consistent with this, time courses of 13 C label incorporation into glutamate and glutamine C4 and C3 were measured in the rat somatosensory cortex (8 Â 2 Â 3 mm) with a time resolution of 11 min (data not shown). The signal-to-noise ratio of 13 C NMR signals from this 48 ml volume was 8:1 and 3:1 for glutamate C4 and glutamine C4 at isotopic steady state. After quantitation with LCModel, the standard deviation of total 13 C concentration at the glutamate and glutamine C4 and C3 carbon positions was approximately 0.4 mM at isotopic steady-state, corresponding to a coefficient of variation of 8% for glutamate and 20% for glutamine. This demonstrates the feasibility of measuring 13 C labeling time courses from small, localized areas of the rat brain using direct 13 C NMR spectroscopy. Most metabolic studies have derived metabolic fluxes in the brain based only on one or two 13 C labeling time courses e.g. glutamate C4 alone, 51 glutamate C4 and glutamate C3 34, 52, 53 or glutamate C4 and glutamine C4. 12, 13 Recent studies have suggested that including more information in the modeling of brain metabolism provides results that depend on fewer assumptions. 5, 10, 34 For example, it has been reported by several groups that the exchange rate between 2-oxoglutarate and glutamate, V x , is low (on the order of the flux through pyruvate dehydrogenase V pdh ) in the brain, 5,10,34 as it is in the heart 54 and liver. 27 Therefore, the rate of label incorporation into the C4 carbon position of glutamate alone may not be adequate to measure V pdh . Similarly, detection of the C2 labeling can be used to estimate the anaplerotic flux through pyruvate carboxylase. 5, 7, 55, 56 In general, with increased information and decreased assumptions used for the modeling, metabolic fluxes can be determined more accurately. 57 
CONCLUSION
In conclusion, high-field localized 13 C NMR spectroscopy combined with LCModel analysis permits us to obtain in vivo a wealth of metabolic information hitherto available only in extracts. This is expected to provide novel information to measure quantitative metabolic fluxes and further investigate compartmentalized metabolism in the brain.
APPENDIX: ADAPTATIONS OF THE LCMODEL PROGRAM TO ANALYZE 13 
C NMR SPECTRA
A modified version of LCModel v2.3 was necessary to accommodate the larger number of points of 13 C spectra and the higher number of metabolites in the basis set compared with 1 H spectra. Specifically, LCModel 2.3 normally allows a maximum of 4096 complex points in FIDs, a maximum spectral range of 2000 complex points for the fit, and a maximum of 40 metabolites in the basis set. The modified version accepted FIDs with up to 8192 complex points, allowed to fit a spectral range of 4000 complex points, and incorporated up to 60 metabolites in the basis set.
In addition, several parameters provided in the CON-TROL input file had to be modified, some of which are not described in the documentation of LCModel:
* The knot spacing for the spline baseline function, DKNTMN was set to the maximum value (DKNTMN ¼ 2*99) to impose a flat baseline in the fit. * To prevent the pseudo-triplets from getting mistaken for a single resonance in the estimation of the line shape, the parameter NSIDMN that specifies the minimum number of grid points on each side of the lineshape (default value ¼ 5) was reduced to 2. * The estimated linewidth of the (simulated) basis spectra, FWHMBA, was set to 0.049. H value. The 30-fold increase in ppm range would require many additional changes in the LCModel program unless the knot spacing is fixed to a large value with DKNTMN and phase parameters are set close to their optimal value with DEGZER and DEGPPM. * More freedom was given to LCModel to allow small frequency shifts between the in vivo data and the basis set by setting DESDSH to 0.01 (in ppm) rather than the default 0.004 value used for 1 H. * Estimation of the lineshape was performed on the glucose C1, glucose C6, glutamate C4S, glutamate C4D43, NAA C6, specified by NUSE1 and CHUSE1. Including the doublet (e.g. Glu-C4D43) together with the singlet (e.g. Glu-C4S) minimized the occurrence of errors in the line shape analysis caused by overlap between the singlet and the doublet. * The phase of the spectra was determined manually on the sum of the entire time course (the phase was stable over the entire time course) and starting values for DEGZER and DEGPPM were entered (DEGZER ¼ ÀrpÀ0.5*lp and DEGPPM ¼ Àlp/(spectral width in ppm), where rp and lp are the Varian parameters for zero and first order phase adjustment). Small degrees of freedom were left to both zero and first order phase by setting SDDEGZ ¼ 3 and SDDEGP ¼ 0.5. * NCOMBI, CHCOMB: combination used to obtain the sums of isotopomers at a given carbon position, e.g. CHCOMB(1) ¼ ''gluC3þgluC34þglu324'' gives the 
